Introduction
============

The developmental origins of health and disease (DOHaD) hypothesis suggests growth conditions *in utero* are capable of affecting health trajectories throughout postnatal life \[[@dvy002-B1]\]. Since its inception, the hypothesis has been applied to a variety of environmental perturbations and therapeutic areas \[[@dvy002-B1], [@dvy002-B2]\]. While human and rodent studies have demonstrated links between adverse early life events and increased disease risk in adulthood, the underlying mechanisms driving these changes remain unclear. The role of epigenetic dysregulation as a mediator of later life disease, however, has become an intensely investigated area of research.

The potential transmission of phenotypes across generations, known as multi- and transgenerational inheritance, has also become an important topic of discussion within the DOHaD field, particularly in mammalian systems. The manifestation of phenotypes across generations with direct exposure to the initial stimulus is known as a multigenerational effect. In the case of a gestating mother \[designated the filial (F) 0 generation\], an exposure could affect the mother, the developing fetus (F1 generation), and the germ cells of the fetus (F2 generation). Although the F0--F2 generations are all directly exposed to the original stimulus, the exposure occurs during distinct life stages, each possessing a unique set of molecular pathways that could be susceptible to the initial insult. As a result, the outcomes associated with the exposure may vary across generations. If effects persist to a generation with no direct exposure, the F3 generation in this example, this would be considered a transgenerational effect.

Public health concerns regarding endocrine-disrupting chemicals (EDCs) have risen given the mounting evidence of disorders in humans, wildlife, and laboratory animals linked to developmental EDC exposure \[[@dvy002-B3]\]. Interestingly, a commonly observed phenomenon in EDC exposure studies is the occurrence of sex-specific effects \[[@dvy002-B2]\]. One EDC that has been in the public eye is bisphenol A (BPA), a ubiquitous chemical commonly used in polycarbonate plastics and epoxy resins that has been best studied for its estrogenic activity \[[@dvy002-B2]\]. Although BPA has relatively low binding affinity for the classical estrogen receptors α and β (ERα and ERβ, respectively), it is capable of inducing effects of comparable magnitude to endogenous estrogens in a variety of tissue types \[[@dvy002-B4], [@dvy002-B5]\]. Reports have also suggested that BPA may be mediating its effects via nonclassical ERs such as G protein-coupled receptor (GPER) and estrogen-related receptor (ERR) \[[@dvy002-B6]\]. While BPA-induced phenotypes have been assessed in a variety of endocrine-sensitive tissues \[[@dvy002-B2]\], the skeletal system has been relatively overlooked. Importantly, much of the variation in adult bone mass is established by young adulthood, suggesting bone function in later life greatly depends on proper skeletal development in early life \[[@dvy002-B7]\]. Bone health in offspring is known to be modifiable by maternal nutrition and lifestyle \[[@dvy002-B8], [@dvy002-B9]\], but the effects of maternal EDC exposure on offspring skeletal development are not well-studied.

Human case studies and genetic mouse models have demonstrated critical roles for sex steroid signaling in bone remodeling \[[@dvy002-B10]\]. Single and double ER knockout (KO) studies have suggested that ERα plays the predominant role in maintaining bone mass in both male and female mice \[[@dvy002-B14]\]. While deletion of ERα reduced cortical bone thickness and cortical bone mineral density in both male and female mice, loss of ERβ alone had no significant effects on bone mass, and ERα/β null mice displayed bone phenotypes comparable to ERα single KO mice \[[@dvy002-B15]\]. In addition to the classical receptors, the nonclassical GPER and two members of the ERR family, ERRα and ERRγ, have also been implicated in bone growth \[[@dvy002-B10]\]. While not the focus of this article, androgens, independent of aromatization into estrogen, bind to their cognate receptor and stimulate additional bone mass acquisition in male mice \[[@dvy002-B14]\]. Given the presence of multiple sex steroid receptors in the skeletal system, it is likely that EDC exposure could interfere with skeletal health.

Here, we discuss the evidence for EDC-induced changes in skeletal strength, with an emphasis on BPA. We present previously unpublished data from our own BPA exposure studies demonstrating dose-, sex-, and generation-specific differences in skeletal morphology and mechanical function following gestational and lactational exposure to BPA. Moreover, we describe, for the first time, multigenerational assessments of skeletal strength following BPA exposure transmitted through the maternal germline. In an extended discussion, we compare BPA-induced skeletal alterations with those of other well-established exogenous estrogens and discuss potential molecular mechanisms contributing to the observed phenotypes, with a focus on epigenetic dysregulation.

Effects of Developmental BPA Exposure on Adult Bone Health Vary by Dose, Sex, and Generation
============================================================================================

In our exposure paradigm, C57BL/6J virgin female mice (designated the F0 generation) were chronically exposed to BPA through the diet at one of two doses: 10 μg or 10 mg per kg bw/d, referred to as lower and upper dose BPA, respectively. Serum assessments demonstrated that circulating BPA levels in F0 dams were comparable with those reported in humans \[[@dvy002-B16], [@dvy002-B17]\]. Exposures began 2 weeks prior to mating and continued through gestation and lactation, after which F1 offspring were weaned onto a control diet at postnatal day (PND) 21. F0 and F1 generation females were mated to unexposed males to produce F1 and F2 generations, respectively.

To understand the functional implications of developmental BPA exposure on adult skeletal strength, we focused our analyses on the mid-diaphysis of the femur, a region consisting primarily of cortical bone. Because cortical bone is most often used to predict bone strength, assessments in this area would directly correspond to the region analyzed in four-point bending tests for mechanical strength. We first examined femoral structure to identify biomechanical changes that may contribute to alterations in bone strength ([Fig. 1](#dvy002-F1){ref-type="fig"}, [Table 1](#dvy002-T1){ref-type="table"}). Femur length was comparable across groups and sex, suggesting longitudinal growth, an endochondral process, was not impaired by BPA exposure. On the other hand, lateral growth, as measured by cross-sectional area of the femur, appeared to be affected in a sex- and dose-specific manner ([Table 1](#dvy002-T1){ref-type="table"}). Total cross-sectional area, which depends on osteoblast function, was significantly reduced in upper dose males. Robustness, the ratio of total cross-sectional area to femur length and a parameter predictive of bone strength \[[@dvy002-B18]\], was reduced in upper dose BPA male mice ([Table 1](#dvy002-T1){ref-type="table"}). The moderately reduced cortical area of BPA-exposed males was appropriately adapted for the narrower structure ([Table 1](#dvy002-T1){ref-type="table"}). Total cross-sectional area, robustness, and cortical area were unaffected in F1 female mice. However, upper dose BPA-exposed F1 female mice displayed reduced tissue mineral density while males were unaffected ([Table 1](#dvy002-T1){ref-type="table"}). Thus, developmental BPA exposure is associated with dose- and sex-specific alterations in femoral morphological parameters that could influence bone strength. Table 1:percent difference in bone traits by exposure group (lower dose or upper dose) compared to the sex matched control groupF1 malesF1 femalesF2 malesF2 femalesTraitsLowerUpperLowerUpperLowerUpperLowerUpper*N*5154121821412BW (g)3.5%−0.4%9.8%−6.7%−0.7%1.4%9.1%0.4%Femur Le (mm)−1.7%−0.3%0.8%−1.6%0.3%−1.2%−0.3%0.0%Tt.Ar (mm^2^)−9.0%−**7.1%**2.2%0.3%1.7%−2.6%−3.5%−4.7%Robustness (mm)−7.3%−**6.9%**2.2%1.4%1.4%−1.3%−1.6%−4.6%Ct.Ar (mm^2^)−3.0%−2.2%2.2%−3.0%2.3%−0.1%1.7%−6.8%Ma.Ar (mm^2^)−8.7%−6.3%0.5%1.8%0.1%−3.2%−6.4%−0.2%TMD (mgHA/cc)−0.8%0.7%−0.2%−**1.9%**0.4%0.6%−0.9%2.3%Stiffness (N/mm)−**19.6%**−**15.9%**9.8%−7.6%12.8%13.7%9.2%−18.2%ML (N)−13.0%−**17.0%**9.1%1.7%**14.0%**6.4%9.0%−13.4%PYD (mm)−0.6%12.0%−12.0%40.2%−5.3%16.8%72.0%−26.9%Work (Nm-m)−10.6%−7.3%4.2%36.6%13.4%21.9%45.0%−32.1%[^2][^3]

![major bone types and morphological parameters assessed by nano-computed tomography (nanoCT) in our exposure study. The shaft of the long bone (between the gray dotted lines) is primarily composed of cortical bone, while the distal ends contain more cancellous bone. Cross-sectional bone assessments (inset) in the mid-diaphyseal region of the femur included: Ct.Ar, cortical area (gray shaded region); Ma.Ar, marrow area (inner white region); Tt.Ar, total cross-sectional area (gray + inner white regions); Femur Le, femur length.](dvy002f1){#dvy002-F1}

We next asked whether these morphological changes were sufficient in magnitude to elicit changes in mechanical function. Individuals with narrow bones have historically shown a higher risk of fracturing throughout life \[[@dvy002-B19], [@dvy002-B20]\]. Because long bone stiffness and strength are proportional to the fourth and third powers of external bone size, respectively, we hypothesized that the small reductions in external bone size in BPA-exposed males would affect whole bone strength. In females, the reduced tissue mineral density could also be predictive of enhanced susceptibility to fracture \[[@dvy002-B21]\]. Using four-point bending to assess the maximum load (i.e. strength) femurs could withstand prior to fracture, only BPA-exposed F1 males demonstrated reduced whole bone stiffness and strength compared to controls ([Fig. 2](#dvy002-F2){ref-type="fig"}, [Table 1](#dvy002-T1){ref-type="table"}). Given the nonlinear relationship between outer bone size and whole bone strength, it is not surprising that lower dose BPA-exposed F1 males also exhibited impaired whole bone mechanical function. F1 female bone stiffness and strength, on the other hand, were not significantly affected by BPA exposure.

![mean stiffness and maximum load for males and females by generation after adjustments for body mass and age from general linear model ANOVAs. Error bars are standard deviations. The first three bars in each graph represent the males for that generation while the last three represent the females. Controls are in black, lower dose in dark grey, and upper dose in light grey. The most pronounced difference is evident for first generation males because they have reduced stiffness and maximum load to the levels at or below those for females of the same generation. The adult mouse was the unit of measurement. Moving left to right through the bars on each graph **A** and **B**: F1 generation males (*N*= 13, 5, and 15) and F1 generation females (*N*= 8, 4, and 12). **C** and **D**: F2 generation males (*N*= 18, 18, and 21) and F2 generation females (*N*= 9, 4, and 12). The number of litters represented in each treatment group, moving left to right through the bars on each graph A and B: F1 generation males (N= 3, 3, and 5) and F1 generation females (*N* = 2, 1, and 3). C and D: F2 generation males (*N* = 7, 4, and 7) and F2 generation females (*N* = 3, 1, and 4).](dvy002f2){#dvy002-F2}

BPA-induced multi- and transgenerational effects in nonskeletal endpoints have been reported by our laboratory and others \[[@dvy002-B2]\]. Therefore, we next asked whether the BPA-induced skeletal changes in the F1 generation could also be transmitted to the subsequent (F2) generation. The reduced femoral stiffness, strength, and robustness in BPA-exposed F1 males were not observed in F2 generation males ([Fig. 2](#dvy002-F2){ref-type="fig"}, [Table 1](#dvy002-T1){ref-type="table"}). Conversely, F2 lower dose BPA males showed increases in whole bone strength relative to controls. Unlike the F1 generation, the altered strength in the F2 lower dose males cannot be explained by any of the assessed femoral cross-sectional parameters ([Table 1](#dvy002-T1){ref-type="table"}). The functional changes in the F2 lower dose males could be an adaptive response. Alternatively, as mentioned previously, the distinct molecular pathways susceptible to environmental perturbations at each developmental stage could drive different phenotypic outcomes. The F2 females showed no significant difference in any assessed morphological parameter compared with F2 female controls ([Table 1](#dvy002-T1){ref-type="table"}).

In summary, developmental exposure to BPA in our exposure paradigm resulted in sex-, dose-, and generation-specific changes in morphology and function. Although some morphological changes were identified in F1 and F2 generation females, these alterations were not sufficient to generate a change in bone strength. The bone findings are consistent with our previous studies that demonstrate male-specific effects associated with developmental BPA exposure \[[@dvy002-B22], [@dvy002-B23]\]. We acknowledge, however, that the small sample and litter size in the lower dose F1 and F2 generation females in this study increases the possibility of a false negative finding. Most striking are the functional changes in BPA-exposed males, with deficits in F1 generation femur strength being directly associated with a narrower bone structure. Given that outer bone surface expansion of the mid-diaphysis largely depends on osteoblastic activity and to a lesser extent osteoclastic activity, the data suggest that BPA in our exposure model exerts effects in F1 generation males by suppressing osteoblast activity on the periosteal surface ([Fig. 1](#dvy002-F1){ref-type="fig"}). Future investigations assessing osteoblast number and function will provide greater insight into the sex-specific mechanism of BPA-induced skeletal pathophysiology.

Exogenous Estrogens Induce Overlapping but Distinct Effects on Skeletal Physiology
==================================================================================

The limited studies assessing skeletal health following developmental exposure to BPA and other exogenous estrogens have reported variable outcomes ([Table 2](#dvy002-T2){ref-type="table"}). Due to the heterogeneity in experimental design among the published reports, it is difficult to discern the source(s) of discrepancy. Differences such as rodent strain, dose, route of administration, duration of exposure, age of assessment, and bone type could all contribute to variable findings in the literature ([Table 2](#dvy002-T2){ref-type="table"}). Regardless, these reports provide evidence for skeletal susceptibility to exogenous estrogenic EDCs. Table 2:skeletal consequences following early life exposure to exogenous estrogen or estrogenic EDCsEstrogen or EDCRodent strainDose(s); route of administrationExposure windowAge of assessmentBoneSexBone massBone strengthRefBPAC57BL/6J10 μg/kg/d; osmotic pumpE11--PND1213--23 wksFemurM↔↔\[[@dvy002-B6]\]F↔↔BPAFischer 3440.5 or 50 μg/kg bw/d; drinking waterE3.5--PND225 wksFemurM[^a^](#tblfn4){ref-type="table-fn"}**↓**↔\[[@dvy002-B24]\]F↔↔BPAWistar0.025, 0.250, 5, or 50 mg/kg bw/d; gavageE7--PND2212 wksFemurM[^a^](#tblfn4){ref-type="table-fn"}↑/↔↔\[[@dvy002-B25]\]F↔↔BPAWistar Han5 μg/kg/d; gavageE0--PND110 (continuous)PND110VertebraM↔ND\[[@dvy002-B26]\]F↔NDDESC57BL/6J0.1, 1, 10 μg/kg/d; injectionE11--E144 mosFemurM↔ND\[[@dvy002-B40]\]F↔NDVertebraM↔NDF[^a^](#tblfn4){ref-type="table-fn"}**↓/**↑NDDESCD-10.1, 2.5, 5, 10, 50, or 100 μg/kg bw/d; injectionE9--E167--9 mosFemurMNDND\[[@dvy002-B9]\]F↔NDVertebraMNDNDF↑NDDESCD-12 μg/d; injectionPND1--PND512--14 mosFemurMNDND\[[@dvy002-B31]\]F↑NDVertebraMNDNDF↑NDDESCD-12 mg/kg bw/d; injectionPND1--PND54 mosFemur[^a^](#tblfn4){ref-type="table-fn"}M**↓**↔\[[@dvy002-B29]\]F↑↑VertebraM**↓↓**F↑↑DESC57BL/Tw3 μg/d; injectionPND1--PND515 mosFemurM**↓**ND\[[@dvy002-B30]\]FNDNDPelvisM**↓**NDFNDNDDESC57BL/6J0.1 μg/kg/d; osmotic pumpE11--PND1213--23 wksFemurM↔**↓**\[[@dvy002-B6]\]F↔↔EEC57BL/6J0.01, 0.1, or 1 μg/kg/d; osmotic pumpE11--PND1210 wksFemurMNDND\[[@dvy002-B6]\]F[^a^](#tblfn4){ref-type="table-fn"}↔**↓**EESprague-Dawley0, 2, 10, or 50 ppb (∼0--6 μg/kg bw/d); in dietE0-PND70 (continuous)10 wksFemurM↔ND\[[@dvy002-B36]\]F↔NDVertebraM↔NDF[^a^](#tblfn4){ref-type="table-fn"}**↓**NDTibiaMNDNDF↔NDEBC57BL/6J100 μg; injectionPND116 wksFemurM**↓↓**\[[@dvy002-B37]\]F↔↔VertebraM**↓**NDF↔NDEBFischer CDF1 mg/kg/d; injectionE19--PND712 wksFemurM**↓**↔\[[@dvy002-B38]\]FNDNDVertebraM**↓**↔FNDNDTibiaM**↓**NDFNDND[^4][^5]

Three other studies have assessed changes in femoral morphology and function following early life exposure to BPA, each with its own unique combination of morphological changes \[[@dvy002-B6], [@dvy002-B24], [@dvy002-B25]\]. However, unlike our study, none of the previously reported morphological changes were large enough to produce effects on bone strength ([Table 2](#dvy002-T2){ref-type="table"}). Compared with the other studies, our doses and the age of assessment are roughly equivalent. Unique to our study, though, is the route of BPA administration and duration of exposure. Our chronic exposure included the entire gestational and lactational periods. Therefore, our exposure window could be targeting a critical period in early development in which BPA exposure exerts its effects on bone strength that is not captured in the other studies. While our study evaluated BPA-induced multigenerational skeletal effects transmitted through the maternal germline, one other study assessed multigenerational outcomes occurring through the paternal germline \[[@dvy002-B26]\]. When male mice continuously exposed to BPA beginning at the time of conception were mated to unexposed females, their offspring did not exhibit any changes in bone morphology relative to controls, suggesting the skeletal effects of BPA exposure are limited to the F1 generation \[[@dvy002-B26]\]. It is not known, however, if the affected female could have transmitted skeletal health aberrations to the F2 generation.

While BPA is structurally similar to estrogen, its pleiotropic effects suggest that its mechanisms of action may not be limited to pathways mediated by estrogen \[[@dvy002-B2]\]. Not surprisingly, when compared to other established estrogenic chemicals, notably diethylstilbestrol (DES), estradiol benzoate (EB), and ethinyl estradiol (EE), the effects of BPA demonstrate some parallel, but also unique, changes ([Table 2](#dvy002-T2){ref-type="table"}).

DES, a synthetic estrogen with high affinity for ER, was prescribed to pregnant women in the United States from the 1940s to the 1970s in an attempt to reduce the risk of miscarriage \[[@dvy002-B27]\]. Both DES-exposed children and grandchildren have been reported to be at increased risk for several reproductive health-related outcomes \[[@dvy002-B28]\], providing evidence for EDC-induced multigenerational effects in humans \[[@dvy002-B2]\]. Unfortunately, the skeletal health consequences of DES exposure are not well-defined in humans. In rodent models, DES exposure-induced skeletal alterations have generally been sex-specific ([Table 2](#dvy002-T2){ref-type="table"}). When affected, bone mass in males tends to be reduced \[[@dvy002-B29], [@dvy002-B30]\], similar to what we observed in our BPA exposure model. However, DES-exposed females tend to display increases in bone mass \[[@dvy002-B9], [@dvy002-B29], [@dvy002-B31]\], while BPA-exposed females in our study were minimally affected by the exposure. It is worth noting that the route of DES administration in the majority of these studies occurred through injection, which may augment the effect of DES ([Table 2](#dvy002-T2){ref-type="table"}). Consistent with our BPA exposure model, the morphological changes associated with DES exposure did not always predict functional changes ([Table 2](#dvy002-T2){ref-type="table"}), again emphasizing the need to validate physiological changes in the presence of EDC-induced morphological differences.

EE and EB are synthetic estrogens most commonly used in human oral contraceptive pills and in promoting livestock weight gain, respectively \[[@dvy002-B32]\]. Following developmental EE exposure, Pelch and colleagues observed a reduction in femoral strength in adult female mice that could not be explained by altered morphology \[[@dvy002-B6]\]. The authors speculated that differences in mineral composition of EE-exposed bones may have contributed to the compromised bone strength. In a second study, continuous exposure to EE from conception throughout adult life sex-specifically decreased vertebral bone mass in female mice, while femoral and tibial mass were not affected \[[@dvy002-B36]\]. Unfortunately, no mechanical testing was performed to determine the functional consequences associated with these morphological changes. Of all exogenous estrogen studies, the effects of BPA in our study are most similar to those following an acute administration of EB on PND1 ([Table 2](#dvy002-T2){ref-type="table"}), which resulted in male-specific reductions in bone mass and strength, while females were unaffected \[[@dvy002-B37]\]. A second study using a greater dose of EB coupled with a longer exposure again resulted in reduced bone mass in males but did not translate to significant changes in bone function \[[@dvy002-B38]\]. In addition to technical variability in study design, the hallmark nonmonotonic nature of EDCs supports the possibility of distinct effects at different doses \[[@dvy002-B2], [@dvy002-B22], [@dvy002-B23]\].

While most of the studies published thus far have reported small changes in skeletal morphology that do not necessarily translate into functional differences, these studies have also been limited in the type of bone (i.e. femur) assessed. Femur, tibia, and vertebrae are composed of different proportions of cortical and cancellous bone, which have been shown to be differentially affected in sex steroid receptor KO mice \[[@dvy002-B14]\]. Cancellous bone, also known as spongy or trabecular bone, forms a web-like network within the marrow cavity and serves as the site of active bone remodeling; it is found in greater proportions at the ends of joints ([Fig. 1](#dvy002-F1){ref-type="fig"}) and in vertebrae \[[@dvy002-B36], [@dvy002-B39]\]. In studies that have assessed bone mass and strength in multiple bone types ([Table 2](#dvy002-T2){ref-type="table"}), vertebrae are often the most susceptible to exposure \[[@dvy002-B9], [@dvy002-B29], [@dvy002-B36], [@dvy002-B38], [@dvy002-B40]\]. Future BPA studies, therefore, would benefit from more comprehensive investigations of cortical and cancellous bone health in male and female offspring. The careful coordination of the morphologies and material properties of these bone components is crucial for bone functional homeostasis. Furthermore, molecular investigations are required to determine the underlying mechanistic changes driving the associated phenotypic consequences.

A Role for Epigenetic Regulation in Skeletal Dysfunction
========================================================

Tremendous progress has been made in understanding the molecular mechanisms responsible for bone metabolism, with epigenetic mechanisms emerging as key regulators of skeletal homeostasis. This section will discuss the role of two major epigenetic regulatory mechanisms in bone formation: DNA methylation and histone post-translational modifications (PTMs). Of note is the extensive crosstalk that occurs between epigenetic modifications and signaling pathways involved in bone formation \[[@dvy002-B2], [@dvy002-B41], [@dvy002-B42]\], adding further complexity to the identification of the driving factor(s) responsible for EDC-induced skeletal phenotypes. While *in vitro* studies in isolated cell populations provide a useful starting point for identifying mechanisms of EDC action on bone \[[@dvy002-B39], [@dvy002-B43]\], the extensive paracrine signaling that occurs between bone cell types requires *in vivo* validation to demonstrate functional significance. In addition, because tissue-specific transcriptional coregulators could be disrupted by estrogenic EDCs as opposed to epigenetic regulators or ERs themselves, care must be taken in generalizing EDC-induced effects across tissues.

DNA Methylation
---------------

DNA methylation involves the covalent addition of a methyl group to a cytosine base, most commonly in a CpG dinucleotide context in mammals \[[@dvy002-B2]\]. Depending on the genomic region of the mark, DNA methylation can be associated with either gene repression or serve as a marker of an actively transcribed region \[[@dvy002-B2]\]. DNA methyltransferases (DNMTs) add the methyl group to the cytosine; loss of DNA methylation can occur in a passive, replication-dependent manner or through an active process of methylcytosine oxidation by the ten eleven translocation (TET) family of enzymes \[[@dvy002-B44]\]. If EDCs alter the activity of DNA methylation-associated enzymes, the consequences could be widespread. Global changes in DNA methylation can influence genomic stability as well as critical processes such as cell fate determination \[[@dvy002-B45]\].

Multiple genes and processes have been reported to be regulated by DNA methylation. With the proper activation of key lineage-determining factors, mesenchymal stem cells (MSCs) can differentiate into various cell types, including the bone-forming osteoblasts. Runt-related transcription factor 2 (RUNX2) is critical to the regulation of early osteoblast commitment \[[@dvy002-B14]\]. In primary human bone marrow-derived stromal cells, DNA methylation at the *RUNX2* promoter was inversely correlated with its expression \[[@dvy002-B43]\]. Target genes of RUNX2, including osteoblast differentiation markers osteocalcin, osteopontin, and osterix have also been reported to undergo changes in DNA methylation during differentiation \[[@dvy002-B46]\].

Sclerostin (*Sost/SOST*), a paracrine factor expressed by osteocytes, or terminally differentiated osteoblasts, suppresses Wnt/β-catenin signaling in osteoblasts and subsequent bone formation \[[@dvy002-B39]\]. Increased DNA methylation at the *SOST* promoter is associated with reduced expression in primary human cancellous bone \[[@dvy002-B42]\], and both DNA methylation and expression have been reported to strongly correlate with fracture risk in humans \[[@dvy002-B49]\]. Essential to osteoclastogenesis, the catabolic process in bone metabolism, is the activation of the receptor activator of nuclear factor kappa-B (RANK)/RANK ligand (RANKL) pathway. Activation of this pathway and subsequent osteoclast formation can be disrupted by a decoy ligand, osteoprotegerin (OPG) \[[@dvy002-B50]\]. RANKL and OPG are both paracrine factors expressed by osteoblasts, and increased DNA methylation in their promoters is associated with reduced expression in rodent and in human osteoblast cell lines, respectively \[[@dvy002-B42], [@dvy002-B51]\].

Reports on estrogenic EDC-induced changes in bone DNA methylation *in vivo* are sparse. Nevertheless, estrogen and BPA have been reported to increase OPG expression in human osteoblasts and decrease *Rank* expression in murine pre-osteoclast cells *in vitro* \[[@dvy002-B50], [@dvy002-B52]\]. By reducing the availability of the RANK ligand or its receptor, both estrogen and BPA induce a net loss in RANK/RANKL signaling, ultimately impairing osteoclast activity. DES administration also impairs osteoclast activity in ovariectomized mice by simultaneously inducing OPG and suppressing RANKL expression, thus restoring ovariectomy-induced bone loss \[[@dvy002-B53]\]. It is not known whether these changes in expression are due to epigenetic dysregulation and warrant further investigation.

The necessity of intact classical and/or nonclassical ERs to mediate these EDC-induced skeletal changes remains unclear. Estrogen-bound ERα and/or ERRα are both capable of stimulating and repressing RUNX2 activity in human and rodent osteoblasts in a developmental stage-specific manner \[[@dvy002-B54]\], suggesting EDCs could similarly interfere with these processes. Moreover, whether ER-mediated signaling can influence DNA methylation in bone is not known. Work in nonskeletal tissues suggest that the expression of DNMTs and ERs is mutually regulated in humans and rodents, although directionality may vary given the tissue type, available coregulators, and the transformed state of the cells \[[@dvy002-B57]\]. Developmental BPA exposure has been reported to increase DNMT expression, increase DNA methylation in the promoter of the ERα-encoding gene, *Esr1*, and reduce *Esr1* gene transcription in a sex- and brain region-specific manner in BALB/c mice \[[@dvy002-B61]\]. Whether these relationships translate to the skeletal system remains to be explored.

Histone Post-Translational Modifications
----------------------------------------

The most widely researched epigenetic regulators in the context of bone are enzymes that add or remove histone PTMs \[[@dvy002-B46]\]. Histone PTMs, including methylation and acetylation, are epigenetic marks capable of influencing gene expression through alterations in chromatin accessibility as well as the recruitment or prevention of transcription factor binding that is sensitive to the modification \[[@dvy002-B62]\]. As a family of epigenetic regulators, histone-modifying enzymes exhibit broad activity across multiple cell types, and mouse genetic deletion studies have demonstrated a role for many of these enzymes in skeletal development and homeostasis \[[@dvy002-B41], [@dvy002-B43], [@dvy002-B46]\].

In MSCs, trimethylation of lysine residue 27 of histone H3 (H3K27me3) plays a critical role in lineage specification \[[@dvy002-B46]\]. The histone methyltransferase responsible for this mark, Enhancer of Zeste 2 (EZH2), is a subunit of the Polycomb Repressive Complex 2 (PRC2) \[[@dvy002-B46]\]. A mesenchyme-specific deletion of *Ezh2* resulted in heterozygous and homozygous offspring displaying thinner cortical bone and compromised bone function \[[@dvy002-B63]\]. In addition to deleterious effects in the skeleton, *Ezh2* null mice displayed significant increases in marrow adipose, providing further evidence for EZH2 as a critical switch in MSC fate commitment \[[@dvy002-B63]\]. Conversely, pharmacological inhibition of EZH2 in skeletally mature, ovariectomized mice alleviated estrogen-depleted bone loss \[[@dvy002-B64]\], suggesting timing of disrupted EZH2 function as well as circulating hormone levels may influence the directionality of responses.

Among the histone-modifying enzymes, histone deacetylases (HDACs) have received the most attention for their role in bone development. HDACs are a large family of enzymes responsible for the removal of acetyl groups from histone tails and other proteins \[[@dvy002-B62]\]. As a result, enzymes that recognize the acetyl mark can no longer bind, the interaction strength between the negatively charged DNA and positively charged histones increases, and transcription is reduced \[[@dvy002-B62]\]. Frequently reported HDACs to be altered following estrogen and/or EDC exposure in nonskeletal tissues \[[@dvy002-B65]\] are the class I HDACs (HDAC1, HDAC2, and HDAC3) and will be discussed here. While many other HDACs have also been reported to regulate bone development \[[@dvy002-B41], [@dvy002-B43], [@dvy002-B46]\], their potential susceptibility to EDCs is unknown. Of note, HDAC-mediated regulation of osteogenesis has been suggested to occur via both deacetylation-dependent \[[@dvy002-B68]\] and deacetylation-independent \[[@dvy002-B69]\] mechanisms.

Because class I HDACs are widely expressed, constitutive loss of these enzymes results in embryonic (HDAC1 and HDAC3) or perinatal (HDAC2) lethality, underscoring the necessity for tissue-specific gene deletion models to study their precise roles in bone development \[[@dvy002-B41]\]. *In vitro* evidence suggests that HDAC1 regulates osteoblast differentiation via physical interactions with RUNX2, subsequently decreasing RUNX2 target gene transcription and osteogenesis \[[@dvy002-B68]\]. Whether HDAC1 is physically obstructing RUNX2 binding to DNA or its deacetylase activity is restricting chromatin accessibility around RUNX2 target genes remains to be determined. In dental pulp stem cells, HDAC2 depletion resulted in reduced mRNA expression of osteocalcin, a late-stage osteoblast differentiation marker, suggesting a role for HDAC2 in osteogenesis \[[@dvy002-B70]\]. *In vivo*, males and females with a conditional deletion of *Hdac3* in pre-osteoblastic cells demonstrated reduced trabecular and cortical bone density and thinner cortical bone, which were associated with reduced osteoblast number \[[@dvy002-B71]\]. Concurrently, HDAC3 depletion increased marrow fat, suggesting HDAC3 also serves as a MSC lineage commitment switch \[[@dvy002-B71]\].

Given the lack of data demonstrating estrogen-mediated modulation of EZH2 or the class I HDACs in the context of bone, we discuss reports in nonskeletal tissues as a proof of concept. The *Ezh2* promoter contains multiple functional estrogen response elements, and its expression in the mammary gland of ovariectomized rats is increased upon estradiol administration \[[@dvy002-B72]\]. To our knowledge, no studies have examined the relationship between classical or nonclassical ERs and class I HDACs in nontransformed systems. However, in cancer cell models of the breast, another well-established estrogen-sensitive tissue, it has been suggested that HDAC1 negatively regulates ERα activity by binding to multiple functional domains or by reducing transcription factor accessibility to the *Esr1* gene promoter \[[@dvy002-B73]\]. Whether estrogenic EDCs target histone modifying enzymes in bone and/or require intact ERs to mediate their effects requires further investigation.

Much work is needed to determine the role of epigenetics in EDC-induced skeletal dysfunction. Based on the available literature, it is clear that epigenetic machinery is susceptible to EDC exposure in nonskeletal tissue types \[[@dvy002-B2], [@dvy002-B61]\]. Further, other studies have demonstrated a critical role for epigenetic regulation in proper skeletal development and maintenance \[[@dvy002-B41], [@dvy002-B43], [@dvy002-B46]\]. No study to date, however, has directly assessed epigenetic involvement in the skeletal system following developmental EDC exposure. Future investigations that address this research question will provide critical insights into the mechanism(s) of EDC action on bone biology. In addition, whether the classical and/or nonclassical receptors act up- or downstream of the epigenetic modifications, if at all, in the context of bone require further study ([Fig. 3](#dvy002-F3){ref-type="fig"}). Given the paucity of information on EDC-induced molecular changes in bone, especially those related to epigenetic dysregulation, countless opportunities for novel discoveries exist.

![proposed pathways of estrogenic EDC-induced skeletal health effects. While EDCs can act to disrupt epigenetic regulation, and have been shown to elicit effects through classical and nonclassical estrogen receptors, whether these effects are also found in bone remain to be determined. Moreover, the link between epigenetic regulation and ER/GPER/ERR signaling in bone are not well-defined. Given the pleiotropic effects of EDCs, direct and indirect pathways independent of epigenetics and hormone receptors could also affect bone health. Solid black lines: more established connections in the currently available literature. Gray dashed lines: Less established connections that remain to be explored. ER, estrogen receptor; GPER, G protein-coupled receptor; ERR, estrogen-related receptor.](dvy002f3){#dvy002-F3}

Final Considerations and Conclusion
===================================

While EDC-induced skeletal effects could be disrupting pathways in bone cells directly, it is also possible that the effects on skeletal health are secondary to other physiological changes. For example, EDCs that target MSCs and promote adipocyte differentiation at the expense of osteoblast formation would indirectly compromise bone health. Phthalates and tributyltin, two nonestrogenic EDCs, have been best studied for their ability to activate the epigenetically modifiable master regulator of adipogenesis, peroxisome proliferator activated receptor γ (PPARγ), and divert MSCs toward an adipogenic fate \[[@dvy002-B74]\]. Additionally, adverse metabolic health in both the gestating mother and offspring have been associated with poor bone health in animal models and humans \[[@dvy002-B75]\]. In our BPA exposure model, we previously reported BPA-induced gestational diabetes in F0 dams and adverse metabolic health outcomes in F1 and F2 offspring \[[@dvy002-B22]\], suggesting BPA-induced skeletal system dysfunction could be a secondary effect of perturbed metabolic health. Assessing both metabolic and skeletal postnatal outcomes following early life EDC exposure may provide clues regarding the target cell(s) of EDC action: the co-occurrence of metabolic and skeletal alterations would warrant further investigation in progenitor cell populations while physiological changes in only one system would point toward effects in more differentiated cell types.

A greater understanding of the epigenetic reprogramming events that occur during pre-implantation embryo and fetal germ cell development will also provide greater mechanistic insight into the transmission of phenotypes to the F1 and F2 generation offspring, respectively. While the F1 zygote undergoes a global wave of epigenetic reprogramming to establish an initial pluripotent state, its germ cells undergo a second wave of reprogramming in order to reset marks in the gametes according to the sex of the developing embryo \[[@dvy002-B79]\]. Of note, the global loss of DNA methylation in fetal germ cells, known as primordial germ cells (PGCs), is more extensive than the reprogramming following fertilization, including the erasure of previously protected imprints and some repetitive transposable elements \[[@dvy002-B79]\]. Additionally, the identification of epigenetic modification enzymes that function exclusively during one wave of reprogramming \[[@dvy002-B80]\] suggests unique epigenetic reprogramming mechanisms exist within each generation that may yield differential susceptibility to environmental triggers. The failure to properly erase, establish, and/or maintain these epigenetic marks during either stage of reprogramming could, therefore, contribute to distinct maladaptive, or possibly adaptive, responses to later life environment.

Although not discussed in great detail here, the molecular basis for frequently reported sex-specific responses to EDC exposure also requires further investigation. In the case of male-specific phenotypes such as our BPA exposure model, it is possible that systemic androgens are being affected. In addition to directly measuring circulating sex steroids in adult rodents, future assessments of skeletal phenotypes prior to puberty would provide further indication for the requirement of circulating hormones to elicit sex-specific skeletal effects. On the other hand, sexually dimorphic development during gestation may allow for sex-specific effects independent of pubertal and adult sex steroid actions. Placentas associated with male fetuses exhibit distinct adaptation strategies in the face of environmental perturbations relative to female-associated placentas \[[@dvy002-B81]\]. Female fetuses are also protected from endogenous, and possibly exogenous, estrogens in the maternal milieu via alpha-fetoprotein binding, subsequently reducing estrogen-mediated actions on target cells \[[@dvy002-B82]\]. Furthermore, sex-specific DNA methylation profiles are already apparent at birth \[[@dvy002-B58]\], suggesting distinct fetal epigenetic programming in males and females that could be differentially impacted by EDC exposure. Finally, several genes encoding histone-modifying enzymes are located on sex chromosomes, providing other potential targets for sex-biased susceptibility to EDCs \[[@dvy002-B83]\].

In summary, there is sufficient evidence in the literature, and results described here, to suggest developmental exposure to estrogenic EDCs can disrupt skeletal strength, but the underlying mechanisms driving these changes remain unclear. Additionally, the expression and/or activity of a variety of epigenetic enzymes, classical ERs, and nonclassical ERs are susceptible to estrogenic EDCs *in vitro* and in nonskeletal tissues *in vivo*. However, the extent to which these effects translate to the skeletal system and influence skeletal function remains to be determined ([Fig. 3](#dvy002-F3){ref-type="fig"}). Future coordinated efforts across research laboratories to systematically evaluate the impact of various exposure routes, genetic background, and outcome variables will aid in defining the molecular and physiological effects of BPA and other EDCs on skeletal strength. Ultimately, a more comprehensive analysis of the effects of EDC exposure on whole organism physiology may help guide future public policy and regulation of these chemicals and others.

Materials and Methods
=====================

Exposure and Husbandry
----------------------

Animal studies were performed in accordance with protocols approved by the University of Pennsylvania Institutional Animal Care and Use Committee and have been described previously \[[@dvy002-B16]\]. Briefly, 6--10-week old virgin female C57BL/6J mice (designated the F0 generation) were randomly assigned to one of three diets: (i) control, modified AIN-93G diet (TD.95092 with 7% corn oil substituted for 7% soybean oil; Envigo); (ii) lower dose BPA, modified AIN-93G supplemented with 50 μg/kg diet of BPA (TD.110337; Envigo); or (iii) upper dose BPA, modified AIN-93G supplemented with 50 mg/kg diet of BPA (TD.06156; Envigo). These doses were estimated to result in exposures of 10 µg BPA/kg bw/day and 10 mg BPA/kg bw/day, respectively \[[@dvy002-B16]\]. In this exposure model, we previously reported dose-dependent increases in serum levels of unconjugated BPA in gestating dams, ranging from 0.7 ± 0.2 ng/ml in control dams to 2.0 ± 0.4 ng/ml in upper dose BPA-exposed dams \[[@dvy002-B16]\]. The relatively low level of detectable BPA in serum of the control treatment group suggests that control animals are not entirely free of BPA exposure. Care was taken to minimize BPA exposure from other sources, such as the use of polypropylene, as opposed to polycarbonate, water bottles. However, other environmental sources of BPA, including drinking water itself and indoor air \[[@dvy002-B84]\], may be contributing to the low background levels of BPA in our study. Importantly, animals randomly assigned to diets containing BPA still received greater BPA exposure than controls. Concentrations of parent BPA in human maternal plasma has been reported to range from 0.3 to 18.9 ng/ml \[[@dvy002-B17]\], suggesting the doses of BPA in our exposure paradigm are representative of human exposure levels. Exposures began 2 weeks prior to mating and lasted throughout gestation and lactation (PND21), when F1 offspring were weaned onto control diets for the remainder of the study. Unexposed C57BL/6J male mice were mated with F0 and F1 females to generate F1 and F2 offspring, respectively.

Skeletal Morphology and Whole Bone Mechanical Properties
--------------------------------------------------------

Same-sex siblings were used within a treatment group, and litter numbers are indicated in the legend of [Fig. 2](#dvy002-F2){ref-type="fig"}. The decision to use same-sex siblings was based on our previously published study \[[@dvy002-B16]\] demonstrating a high degree of intra-litter variability, suggesting that the observed changes determined in one animal are not necessarily representative of other animals in the litter. Clustering analysis demonstrated that animals within a litter did not tend to cluster with one another more than other nonsibling animals within a treatment group (data not shown). Therefore, the individual adult animal was used as the unit of measurement. Additional analysis was performed using the dam as the unit of measurement (i.e. averaging all values of offspring from one litter into a single data point). We confirmed the differences in skeletal parameters across treatment groups exhibited the same trends, and the average value within a treatment group was not due to one deviant litter biasing the group average (data not shown).

Treatment group allocation and sex of each specimen remained blinded until quantification was complete. Left femurs of adult male and female F1 and F2 (13--22 weeks) were excised, cleaned of soft tissue, and stored at −40°C in phosphate-buffered saline (PBS). Body weights (BWs) were recorded prior to euthanasia. Since this was an ad-hoc study, a more limited age specification was not achievable. However, the 13--22 week time point represents an adult age when bone mass and external size show very little age-related change \[[@dvy002-B85]\]. Cross-sectional morphology was quantified as described previously \[[@dvy002-B86], [@dvy002-B87]\]. After imaging, left femurs were loaded to failure using previously described methods for four-point bending \[[@dvy002-B87]\]. Load--deflection curves were used to calculate stiffness (S), maximum load (ML), post-yield deflection (PYD), and work to fracture (work). Whole bone strength is used synonymously with ML.

Statistical Analysis
--------------------

Prior to unblinding and statistical analyses, all traits were adjusted for previously established covariates known to be associated with skeletal morphology and whole bone mechanical properties \[[@dvy002-B87], [@dvy002-B89]\]. By using adjusted traits for the statistical analysis, we were able to minimize the contribution of the covariates in our determination of exposure-associated effects on skeletal outcomes. The adjustment was performed by GLM ANOVAs (i.e. a generalized version of a multiple regression model). The exact covariates used in each model varied depending on the trait being modeled. For BW and femur length: age was the only covariate included in the model. For total area (Tt.Ar), marrow area (Ma.Ar), robustnesss, and the mechanical traits: age and BW were covariates in the model. Finally, for cortical area (Ct.Ar) and tissue mineral density (TMD): age, BW, and robustness were included as covariates, as our previous work reported positive and negative associations of Ct.Ar and TMD with robustness, respectively \[[@dvy002-B89]\]. Adjusting Ct.Ar and TMD for BW, age, and robustness allowed us to determine whether BPA exposure affected the ability of the system to accommodate for variations in external bone size.

Following adjustments, samples were unblinded for treatment group and sex, and statistical analysis was performed with a single factor (i.e. treatment) general linear model (GLM) ANOVA (Minitab 16.2.3; Minitab Inc, State College, PA, USA) for each sex and generation combination. Adjusted traits by treatment group were compared back with their sex-matched controls individually using Student's *t*-test. A standard significance threshold of *P* \< 0.05 was used in all cases.
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[^2]: BW and Femur Le are adjusted by age (days). All other traits have been adjusted for BW and age except Ct.Ar and TMD that have been adjusted for BW, age, and robustness. Bold font and shaded cell indicates significant differences (*P* \< 0.05) relative to the sex-matched controls (F1 male: *N* = 13; F1 female: *N* = 8, F2 male: *N* = 18, F2 female: *N* = 9). Values were calculated from means determined with general linear model ANOVAs.

[^3]: Abbreviations: BW, body weight; Ct.Ar, cortical area; Femur Le, femur length; HA, hydroxyapatite; Ma.Ar, marrow area, ML, maximum load (in Newtons); PYD, post-yield displacement; TMD, tissue mineral density; Tt.Ar, total cross-sectional area; Work, work-to-fracture.

[^4]: Abbreviations: BPA, bisphenol A; DES, diethylstilbestrol; E, embryonic day; EB, estradiol benzoate; EE, ethinyl estradiol; F, female; M, male; ND, not determined; PND, postnatal day; ↑, increase; ↓, decrease; ↔, no change.

[^5]: ^a^Nonmonotonic effect.
